Aerobic gram-negative methylotrophs oxidize methanol to formaldehyde by using a methanol dehydrogenase that has pyrroloquinoline quinone (PQQ) as a prosthetic group. Seventy-two mutants which are unable to grow on methanol unless the growth medium is supplemented with PQQ have been isolated in the facultative methanol utilizer Methylobacterium extorquens AM1. In addition, 12 previously isolated methanol oxidation mutants of M. extorquens AM1 were shown to be able to grow on methanol in the presence of PQQ. These putative PQQ biosynthesis mutants have been complemented by using previously isolated clones containing M. extorquens AM1 DNA, which were known to contain genes necessary for oxidation of methanol to formaldehyde (mox genes (27) . MDH is a tetrameric enzyme located in the periplasm that contains pyrroloquinoline quinone (PQQ) as the prosthetic group and also contains Ca2+ (37, 40) . PQQ was first identified as the prosthetic group of MDH and is now also known to be the prosthetic group of a few other bacterial dehydrogenases that oxidize alcohols or sugars (9). The biosynthetic pathway of PQQ has not yet been determined, but the biosynthetic precursors are known to be tyrosine and glutamate (19).
putative PQQ biosynthesis mutants have been complemented by using previously isolated clones containing M. extorquens AM1 DNA, which were known to contain genes necessary for oxidation of methanol to formaldehyde (mox genes). Subcloning and transposon mutagenesis experiments have assigned these mutants to five complementation groups in two gene clusters. Representatives of each complementation group were shown to lack detectable PQQ in the growth medium and in cell extracts and to contain methanol dehydrogenase polypeptides that were inactive. Therefore, these mutants all appear to be defective in PQQ biosynthesis. PQQ biosynthesis mutants ofMethylobacterium organophilum DSM 760 and M. organophilum XX were complemented by using M. extorquens AM1 subclones, and PQQ biosynthesis mutants of M. extorquens AM1 and M. organophilum XX were complemented by using M. organophilum DSM 760 subclones. This analysis suggested that a total of six PQQ biosynthesis complementation groups were present in M. extorquens AM1 and M. organophilum DSM 760. A 2-kb M. extorquens AM1 DNA fragment that complemented the MoxO class of PQQ biosynthesis mutants was sequenced and found to contain two complete open reading frames and the N-terminal sequence of a third. These genes, designated pqqDGC, had predicted gene products with substantial similarity to the gene products of corresponding pqq genes in Acinetobacter caloaceticus and Kkebsiella pneumoniae. pqqD encodes a 29-amino-acid peptide which contains a tyrosine residue and glutamate residue that are conserved in the equivalent peptides of K. pneumoniae, PqqA (23 amino acids), and A. caloaceticus, PqqlV (24 amino acids), and are thought to be the precursors for PQQ biosynthesis. The organizations of a cluster of five PQQ biosynthetic genes appear to be similar in four different bacteria (M. extorquens AM1, M. organophilum DSM 760, K. pneumoniae, and A. calkoaceticus). Our results show that a total of seven pqq genes are present in M. extorquens AM1, and these have been designated pqqDGCBA and pqqEF.
Gram-negative aerobic methylotrophic bacteria that grow on methanol use methanol dehydrogenase (MDH) to oxidize methanol to formaldehyde, which may then be further oxidized or assimilated into cell carbon (27) . MDH is a tetrameric enzyme located in the periplasm that contains pyrroloquinoline quinone (PQQ) as the prosthetic group and also contains Ca2+ (37, 40) . PQQ was first identified as the prosthetic group of MDH and is now also known to be the prosthetic group of a few other bacterial dehydrogenases that oxidize alcohols or sugars (9) . The biosynthetic pathway of PQQ has not yet been determined, but the biosynthetic precursors are known to be tyrosine and glutamate (19) .
proteases and that orfX and orfR show similarity to a human dipeptidase (34) . It is possible that these gene products are involved in processing of the peptide during PQQ biosynthesis (34) .
Six Pqq complementation groups have also been identified in M. organophilum DSM 760 and were assumed to correspond to genes designated pqqA, pqqB, pqqC, pqqD, pqqE, and pqqF (6) . Sequence data are not yet available for these genes, and their correspondence to the genes identified in K pneumoniae and A. calcoaceticus is not known. The pqq designations of these genes were made before the pqq genes of K pneumoniae were isolated and sequenced, and so they bear no known relationship to each other.
In Methylobacterium extorquens AM1, a large number of complementation groups have been identified in mutants defective in the oxidation of methanol to formaldehyde (26) . In some cases, sequence and expression data have confirmed the presence of genes equivalent to these complementation groups. These include four clustered genes (moxFJGI) that encode the 60-kDa MDH alpha subunit (moxF), the 10-kDa MDH beta subunit (moxI), the 21-kDa MDH-specific cytochrome CL (moxG), and a polypeptide of 30 kDa with unknown function (moxJ) (2, 38, 39) . A fifth mox gene (moxR) has been identified 3' to the moxFJGI cluster in Paracoccus denitrificans, and sequence homology suggests that this gene is also present in the same position in M. extorquens AM1 (45 Table 1 .
Media and growth conditions. M extorquens AM1 and M organophilum DSM 760 were grown on the minimal medium (medium A) of MacLennan et al. (31) or the minimal medium described previously (12) , containing 0.5% (vol/vol) methanol, 0.2% (wt/vol) methylamine hydrochloride, or 0.2% (wt/vol) succinate. When required, filter-sterilized PQQ (Methoxatin; Fluka) was added to 1 ,uM. Escherichia coli strains were grown on LB medium (35) . Antibiotics were added at the following final concentrations (micrograms per milliliter): tetracycline, 10; kanamycin, 25 Bacterial matings. Biparental matings with E. coli strains containing pLA2917 derivatives were performed as previously described (6) . With E. coli strains harboring pVK100 derivatives, triparental matings were performed with the mobilizing plasmid pRK2013 as previously described (38) . Mating mixtures were plated on succinate, methanol, or methylamine minimal medium when Methylobacterium strains were recipients or on LB agar when E. coli strains were recipients. In each case, the appropriate antibiotics were included. DNA manipulations. Plasmid DNA from E. coli strains was prepared as described by Maniatis et al. (32) and by either the method of Humphrey et al. (21) Anthony and Zatman (3) . PQQ was assayed as previously described (5) , using the apoethanol dehydrogenase purified from Pseudomonas testosteroni (15) . Immunoblotting of protein gels with antisera against the alpha and beta subunits of MDH and cytochrome CL was carried out as described previously (39) . Protein was estimated by the method of Lowry et al. (29) . Nucleotide sequence accession number. The nucleotide sequence of the pqqDGC region reported here has been assigned GenBank accession number L25889.
RESULTS
Selection of Mox mutants impaired in PQQ biosynthesis. M. extorquens AM1 cells were mutagenized as described in Materials and Methods and plated on allyl alcohol plates to select for mutants unable to oxidize methanol to formaldehyde. Those colonies that grew on allyl alcohol plates were tested for the ability to grow on methanol and methylamine. A total of 214 mutants unable to grow on methanol but still capable of growth on methylamine were selected and were presumed to be Mox mutants. Of these, 72 were able to grow on methanol in the presence of PQQ and were presumed to be deficient in PQQ biosynthesis. Analysis of the other Mox mutants will be described elsewhere. In addition, the previously described Mox mutants of M. extorquens AM1 (38, 39) and a set of previously described M. organophilum XX Mox mutants (30) were tested for growth on methanol in the presence of PQQ. Fourteen of these mutants were positive for growth, suggesting they were also PQQ biosynthesis mutants. For M. extorquens AM1, these included the MoxC mutants AA18, AA40, UV40, UV41, UV42, UV44, UV45, UV47, UV50, and UV52, the MoxH mutant UV48, and the MoxD mutant UV46. UV46 had previously been shown to be in a separate complementation group from the other two MoxD mutants (4) . These (see below) . C, T, and 0 complementation groups. Fifty of the new PQQ biosynthesis mutants were complemented by pEL41 (Fig. 1) , which has a 24-kb insert containing two Hindlll fragments (38, 39) . This insert was known to complement the 10 previously described M. extorquens AM1 MoxC mutants and the MoxD mutant UV46 (Fig. 1) (38, 39) . These mutants were further divided into three groups on the basis of their complementation by p1130, containing a PstI fragment that spans the internal HindIll site of pEL41, p1130C, containing the 3.4-kb Pstl-HindIII fragment of p1130, and pll3OD, containing the 6.8-kb HindIII-PstI fragment of p1130 (Fig. 1) . In one group, the mutants were complemented by p1130 and p1130C, in another they were complemented by p1130 and pll30D, and in the third they were complemented by only p1130.
Further complementations with subclones and transposon insertions confirmed these three groups, MoxC, MoxT, and MoxO, and provided general locations for the genes defective in these mutants (Fig. 1) . Thirty-five of the mutants, including the ten previously described MoxC mutants, were complemented by pll30C. These mutants were also not complemented by two subclones that divide this region, p1130C-PBg, containing a 1.8-kb PstI-BglII fragment of p1130C, and p1130C-BgH, containing the adjoining 1.6-kb BglII-HindIII fragment (Fig. 1) . The region of complementation was defined by two transposon insertions. All 35 mutants were complemented by pll30C containing a TnSlac insertion 1.9 kb from the internal Hindlll site in pEL41 (pll3OC::TnS-6; Fig. 1 (Fig. 1) .
Twenty-one mutants were complemented by pEL41 and p1130 but were not complemented by either p1130C or pll30D. This mutant class is proposed to be designated MoxT. These data suggest that the gene defective in the MoxT mutants spans the internal HindIII site of pEL41 and that the order of these complementation groups is MoxC-MoxT-MoxO (Fig. 1 (Table 4 ). The data supporting these conclusions are as follows. Both M. organophilum DSM 760 mutants were complemented by pEL41 but not by any other M. extorquens AM1 clones tested (Table  3) . This is the same complementation pattern as for the M. extorquens AM1 MoxT group, suggesting that this M. extorquens AM1 DNA region contains at least twopqq genes, one of which is not represented by any of the M. extorquens AM1 PQQ biosynthesis mutants isolated. The MoxT mutant EMS12 was complemented by the same M. organophilum DSM 760 clones that complemented the PqqC mutant, but none of the M. extorquens AM1 PQQ biosynthesis mutants showed the same complementation pattern as the PqqB mutants (Fig. 3) Fig. 1 . (Fig. 3) . We propose to designate the gene defective in these mutants pqqF. Nucleotide sequence of pqqDGC'. The nucleotide sequence of the large BglII-HindIII fragment that was known to complement M. extorquens AM1 mutants in the MoxO complementation group was determined on both strands, using a series of plasmids including pCM187, pCM188, pCM198, and various subclones of these plasmids. This fragment was found to be 2,049 bp and contained two complete open reading frames and the N terminus of a third (Fig. 4 and 5) . The first open reading frame, which traverses the internal BglII site, encodes a peptide of 29 amino acids. Genes that encode Tn5-19   60  120  180  240  300  360  420  480 (34) and A. calcoaceticus (14) . The sites of insertion of TnSlac insertions (V) are indicated (see Fig. 1 (Fig.  4) .
DISCUSSION
The results presented here show that severalpqq genes of M. extorquens AM1 are equivalent to and are clustered in the same gene order as pqq genes in other bacteria (Fig. 7) (Fig. 7) . The sequencing data also show that M. extorquens AM1 mutants of the MoxO complementation group are defective in pqqG. The two TnSlac insertions that abolish MoxO complementation (Tn5-19 and TnS-136) were shown by sequencing to be located within pqqG. In addition, the smallest subclone that complemented MoxO mutants (p1l30D-HBg) contains the complete pqqG gene but a truncated pqqD gene. This finding shows that, as in K pneumoniae pqqB but unlike the case for A. calcoaceticus pqqV, the M. extorquens AM1 pqqG product is essential for PQQ biosynthesis (14, 34 Although pqqDGCBA appear to be arranged similarly in the two Methylobacterium strains, pqqE and pqqF appear to be arranged differently (Fig. 7) . In M. organophilum DSM 760, pqqE is located adjacent to pqqD and pqqF is approximately 19 kb away (6) , while in M. extorquens AM1, the two genes are tightly clustered. Although it is not known where the M. extorquens AM1 DNA fragment that containspqqEF is located with respect to the pqqDGCBA cluster, analysis of the known restriction fragments suggests they must be located at least 18 kb apart. At this time, sufficient data are not available to determine the order of pqqE and pqqF in M. extorquens AM1.
Less is known concerning the PQQ biosynthesis groups in M. organophilum XX. In this study, an M. organophilum XX MoxP complementation group has been identified and shown to be equivalent to the M. organophilum DSM 760 PqqA group. In addition, the same 2.1-kb M. organophilum XX DNA fragment that contains the gene equivalent to that defective in the PqqA mutants has been shown previously to be capable of complementing an M. extorquens AM1 MoxO mutant (4, 30) . These data suggest that a gene functionally equivalent to pqqG is present in M. organophilum XX, linked to a gene equivalent to pqqA. It is not known whether the other five genes are also present in M. organophilum XX.
The sequence data presented here show that the first three genes of the pqqDGCBA cluster of M. extorquens AM1 are similar to the first three genes of the pqq clusters identified in A. calcoaceticus and K pneumoniae (Fig. 7) . Although only the first 111 amino acids of the pqqC open reading frame were determined, the equivalent genes in A. calcoaceticus and K pneumoniae encode polypeptides of 252 and 251 amino acids, respectively. Therefore, approximately another 140 residues of the M. extorquens AM1 PqqC are expected to be encoded by the adjacent DNA fragment, which would place the 3' end of pqqC approximately 0.4 kb beyond this Hindlll site (Fig. 7) . This allows a more precise mapping ofpqqA and pqqB. IfpqqA and pqqB of M. extorquens AM1 are equivalent in size and function to pqqE and pqqD of K pneumoniae as has been suggested for M. organophilum DSM 760 (6), then they would fit well in the known region for the corresponding complementation groups (Fig. 7) . Further sequencing will be required to determine whether pqqA and pqqB are equivalent to the corresponding genes in A. calcoaceticus and K pneumoniae.
It is not known whether genes equivalent to pqqE and pqqF of the methylotrophs are present in A. calcoaceticus and K pneumoniae. However, a fragment of E. coli DNA complements PqqE and PqqF mutants of M. organophilum DSM 760 (44), suggesting that functionally equivalent genes are present in E. coli. E. coli synthesizes an inactive glucose dehydrogenase apoprotein that can be activated with PQQ (18) , and it is possible that some strains contain genes required for parts of the PQQ biosynthetic pathway. In at least one strain, mutants that are now able to produce PQQ can be isolated (7) . Further work is under way to determine the functions of each of these genes involved in PQQ biosynthesis in M. extorquens AML.
